Functional dyspepsia (FD) remains a great clinical challenge since the FD subtypes, defined by Rome III classification, still have heterogeneous pathogenesis. Previous studies have shown notable differences in visceral sensation processing in the CNS in FD compared to healthy subjects (HS). However, the role of CNS in the pathogenesis of each FD subtype has not been recognized.
Introduction
Functional dyspepsia (FD), a common but heterogeneous disease, remains a great burden to the healthcare system since the mechanisms underlying the pathogenesis of FD have yet not been clearly elucidated. Multiple factors, including increased acid exposure, Helicobacter pylori infection, gastroduodenal inflammation, immune factors, dietary and life style, genetic factors and environmental factors may contribute to incidence of FD. 1 It is noticeable that in clinical practice, FD patients with different major clinical manifestations tend to respond differently to the same treatment regimen. Since previous pathophysiological studies did not involve segregation of the FD subjects into different subtypes of FD according to the Rome III/IV criteria, there was no proper comparison between the mechanisms underlying the different pathogenesis of the heterogeneous FD subtypes. Visceral hypersensitivity is nevertheless one of the most important mechanisms underlying the incidence of various functional gastrointestinal disorders such as FD. 2 In a study by Tack et al, 3 FD patients with visceral hypersensitivity had significantly higher prevalence of epigastric pain symptoms than those with normal visceral sensitivity, indicating that visceral hypersensitivity may be more closely related to the pathogenesis of epigastric pain syndrome (EPS) than other FD subtypes. The CNS is the center of visceral sensation processing and therefore, using brain imaging studies to monitor and compare the variations in regional brain activities of healthy subjects (HS) and FD patients can enable us to understand the role of visceral hypersensitivity in FD pathogenesis. So far, H 2 15 O-positron emission topography (PET) and blood-oxygen-level-dependent (BOLD) functional magnetic resonance imaging (fMRI) have been frequently used in functional brain imaging studies. Several studies have demonstrated that FD patients have differences in activities of brain regions related to visceral pain when compared to HS. [4] [5] [6] However, the subjects were not further stratified according to Rome III/IV criteria in previous studies, therefore the impact of the pathophysiological heterogeneity within FD on final results could not be clearly elucidated. This study aims to observe the differences of regional brain activities among all FD subtypes and compare them to HS, whereby fMRI would be used to monitor and observe the variations in brain activity when all the subjects would be in the resting state (no stimulation) and when they are exposed to proximal gastric water load stimulation.
Materials and Methods

Subjects
Consecutive patients aged between 20 and 65 years-old and right-handed, who met the Rome III diagnostic criteria for FD at the outpatient gastroenterology clinics of Peking Union Medical College Hospital were investigated. The patients with moderate to severe symptoms and who were voluntarily willing to participate in the study were enrolled.
Patients were excluded if they: (1) had abnormal findings in the complete blood count, fecal routine, occult blood, liver and renal functions tests, electrolytes, and abdominal ultrasound during the recent 3 months with clinical significance; (2) suffered from other chronic diseases which could also induce dyspepsia symptoms (including diabetes mellitus, peptic ulcer, chronic liver disease, gastrointestinal and hepatic malignancy, parasite infection, chronic pancreatic disease, chronic renal failure, hyperthyroidism, hypothyroidism, disturbance of water and electrolytes, and chronic exhausting disease); (3) were given long-term medications which could influence and compromise gastrointestinal functions, including calcium channel blockers, non-steroid anti-inflammatory drugs; (4) had previous medical history of abdominal or pelvic surgery; (5) had heavy smoking history (more than 10 cigarettes per day) or heavy alcohol consumption history (more than 75 gram of alcohol per day) within the recent year; (6) had been diagnosed with any psychiatric disease; and (7) had any contraindication for MRI investigation.
Simultaneously, HS were recruited for this study. The inclusion criteria for HS were: (1) aged between 20 and 65 years old; (2) no previous episode of dyspepsia symptoms in the recent year; and (3) right-handed. Volunteers were excluded if they: (1) had abnormal laboratory findings in the recent 3 months with clinical significance; (2) had a hospitalization history during the recent half year; (3) have chronic disease history; (4) had heavy smoking or alcohol consumption history, psychiatric disease history, or contraindications for MRI study--same as items (5)-(7) of exclusion criteria for FD patients.
All subjects signed an informed consent before inclusion in the study. This study was approved by the Ethics Committee of the Peking Union Medical College Hospital (IRB No. S-199).
Questionnaire Evaluation
The questionnaire involved a series of basic information of the subjects including age, gender, height, weight, nationality, occupation, academic qualifications, marital status, financial background, social satisfaction, and proportion of physical labor/activity in daily routine. As far as the evaluation of the symptoms is concerned, with respect to the Rome III criteria for the diagnosis of digestive symptoms, the frequency and level of 8 symptoms were evaluated as shown below: postprandial fullness discomfort, early satiety, upper abdominal pain, upper abdominal flatulence, epigastric burning sensation, nausea, vomiting, and belching. The frequency of these symptoms was quantitated as follows: a score of 0 for no incidence at all, or incidence < 1 day per month, 1 day per month or 2-3 days per month; a score of 1 was attributed for symptoms manifesting for 1-2 days per week; a score of 2 was attributed for symptoms manifesting for 3-4 days per week and a score of 3 for symptoms manifesting over 5-7 days per week. The level of symptoms was evaluated as follows: 0, none; 1, mild: the symptom can only be felt when extra attention is paid; 2, moderate: the symptom is obvious and affects part of patients' work and life; 3, severe: the symptom is serious and unbearable which significantly affects patients' work and life; and the options 0 to 3 were attributed a score of 0, 1, 2, and 3 respectively. The product of the severity and frequency scores of each symptom was added together and hence, the dyspepsia symptom scoring was calculated in order to rule out patients merely with mild symptom.
Magnetic Resonance Imaging Acquisition
The fMRI examination was performed for all subjects from 6 PM to 8 PM (Fig. 1) . Prior to the examination, the subjects were required to fast for 6 to 8 hours. Before the examination, a nasogastric tube (Baitong LINK-01-2; Beijing L&Z Medical Technology Development Co. Ltd, Beijing, China) was intubated via the nasal cavity down to 10 cm below the esophagogastric junction and then the subjects were asked to rest in the supine position for 10 minutes. Structural images were acquired during the first 15 minutes to rule out any anatomic abnormality. BOLD images of the subject at rest and under task state (water load test) were taken. During the task state, pure water of 37°C was perfused simultaneously at the speed of 300 mL/min for 4 minutes through the gastric tube connected with a gravity drip tube (Baitong LINK-01-2;). Every subject was ordered to elevate the right leg as a signal to stop perfusion when he/she felt unbearable epigastric bloating or pain.
The MRI device used was the GE Signa VH/i Excite II 3.0T MRI system (GE Healthcare, Waukesha, WI, USA) with an 8-channel phase-arrayed head coil. In order to maintain consistency, the whole scanning procedure was conducted by the same Figure 1 . The flowchart diagram showing how this study was performed on the participants. FD, functional dyspepsia; EPS, epigastric pain syndrome; PDS, postprandial distress syndrome; HS, healthy subjects. Analysis of fMRI data involved the following 3 steps: (1) preprocessing: the software DPARSF based on SPM8 (http://www. fil.ion.ucl.ac.uk/spm/) was applied to image pre-processing in the Matlab (MathWorks Inc, Natick, MA, USA) R2010b environment. 7 Functional images were finally converted to images in accordance with the Montréal Neurological Institute standard brain coordinate system. During this step, any subject with head displacement exceeding 3 mm or tilt exceeding 3° was ruled out. (2) Calculating regional homogeneity (ReHo) image: ReHo is a method using Kendall's coefficient concordance to measure the similarity of the time series of a given voxel to those of its nearest neighbors in a voxel-wise way, 8 which could be used to compare differences of regional brain activities during various statuses. Respective ReHo images of every subject during resting or task state were obtained. (3) Statistical comparisons: the software resting state fMRI data analysis toolkit (REST) was used to compare ReHo images of different groups during different states. 9 Using this toolkit, image data could be statistically compared just like one-dimensional data. F value parametric diagram was calculated out based on the variance analysis of the resting state data (or the water perfusion task data) of the four groups, ie, HS, EPS, postprandial distress syndrome (PDS), and mixed type. The voxels with P-value less than 0.05 in the F value parametric diagram were then set as regions of interest (ROI) in the comparisons among groups of the resting state data (or 
task state data). The ReHo images of EPS, PDS, and mixed type groups were respectively compared with those of HS for independent sample t test (two tailed), followed with AlphaSim correction (P < 0.05, cluster size ≥ 54 voxels, rmm = 4; http://afni.nimh. nih.gov/afni/doc/manual/AlphaSim). Data analysis was carried out separately for resting state and task state data.
Results
Demographic and Questionnaire Evaluation Data
Twenty-eight FD patients, including 10 cases of EPS, 9 PDS, and 9 mixed type, were enrolled in this study. Twelve HS were recruited, and finally 10 HS were enrolled in this study. Figure 2 shows the screening and exclusion procedure for the 
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Occipital lobe Cuneus Only the brain regions with a difference larger than 20 voxel or larger than 10% of the located cluster are listed in this table. The up arrow ↑ indicates that the former group has stronger regional brain activity than the latter group (P < 0.05), and the down arrow ↓ indicates the opposite (P < 0.05). The up and down arrows (↑↓) together in some brain regions indicate that in several voxels of this region the former group has stronger regional brain activity than the latter (P < 0.05), whereas in the other voxels of this region the former has weaker activity than the latter (P < 0.05).
patient selection. No significant statistical difference was found among the four groups for sex ratio and age. There is no significant statistical difference for the body mass index, physical labor intensity, academic qualifications, marriage status, financial status and social satisfaction among EPS, PDS, and mixed type ( Table 1) .
Differences of Regional Brain Activities Between Functional Dyspepsia Subtypes and Healthy Subjects
Comparing EPS, PDS, or mixed type group with HS, whether during the resting or task state, we were able to monitor brain areas manifesting different brain activities. Table 2 is the summarization of these areas.
Comparisons of regional brain activities at the resting state revealed that all FD subtypes were significantly different from HS in the bilateral superior frontal gyri, left inferior frontal gyrus, bilateral precentral gyri, bilateral paracentral lobules, left insular cortex, and left anterior cingulate cortex (P < 0.05). There were other areas where the regional brain activities of each FD subtype differed from HS in variety of ways, including right insular cortex, right parahippocampal gyrus and many other regions, which can be seen in Table 2 . Compared to HS, the regional brain activity of EPS at resting state was higher in right insula, right middle cingulate cortex, right parahippocampal gyrus and right prefrontal cortex, while it was lesser in the left orbitofrontal cortex, left insula, anterior cingulate cortex as shown in Figure 3A . However, the difference in the regional brain activity at the resting state between PDS and HS was located in distinct regions or exhibited different activation intensity as shown in Figure 3B .
For regional brain activities during the water load test, every FD subtype was significantly different from HS in the left middle temporal gyrus, left inferior temporal gyrus, right fusiform gyrus, right inferior occipital gyrus and right lingual gyrus (P < 0.05). 
Regional brain activity differences between epigastric pain syndrome (EPS) (or postprandial distress syndrome [PDS]) and healthy subjects (HS) during resting state (or water load test). (A) EPS vs HS (resting state). (B) PDS vs HS (resting state). (C) EPS vs HS (water load). (D) PDS vs HS (water load)
. Every figure is the parameter distribution map of the T value corresponding to every voxel plotted in the standard brain, after the independent sample t test between two groups. The color temperature represents the magnitude of T value, eg, warm colors represent the positive T value, meaning the former group has stronger signal intensity than the latter group, and cold colors represent the negative T value, meaning the opposite relationship between the 2 groups. The brighter the color, the greater the absolute value of T value, meaning more apparent difference between the 2 groups. The color band on the right indicates the correlation between the color and the T value. The layer interval in the figures is 8 mm.
Besides, in the left middle cingulate cortex, left parahippocampal gyrus and several other regions (Table 2 ), each FD subtype was different from HS up to different extent (P < 0.05). Compared to HS, the regional brain activity of EPS during the water load test was higher in the right superior and inferior parietal lobules, right secondary somatosensory cortex, but lesser in the left middle cingulate cortex, as shown in Figure 3C . The difference of the regional brain activity during the water load test between PDS and HS was located in distinct regions or exhibited different activation intensity, as shown in Figure 3D . There were some areas, where the differ- with difference, the size with unit "voxel," peak value coordinate, peak T value, location of peak value and regions included in the cluster are reported. All clusters are corrected using AlphaSim correction, with parameters as P < 0.05 and cluster size ≥ 54 voxels.
The signs ">" and "<" represent the ReHo value of the former group stronger or weaker than the latter group respectively.
ence between the brain activity of the mixed types and that of HS was more obvious than that of EPS and PDS: for example, in the right inferior parietal lobule (angular gyrus), the right fusiform gyrus, and the right lingual gyrus, the brain activity of the mixed type was lesser than that of HS, while there was no significant statistical difference among EPS, PDS, and HS; in the right superior temporal gyrus (temporal pole) and right medial temporal lobe, the brain activity of mixed types was higher than that of HS, while there was no significant statistical difference among EPS, PDS, and HS.
Differences of Regional Brain Activities Between Epigastric Pain Syndrome and Postprandial Distress Syndrome Patients
Comparing the data of EPS and PDS at resting state, the difference in the regional brain activity of the different brain areas between the 2 groups is shown in Table 3 and Figure 4 . The resting brain activities of EPS were stronger than PDS in areas including right inferior frontal gyrus pars opercularis, right postcentral gyrus, left paracentral lobule, right precuneus, right insular cortex, bilateral cingulate cortices, right parahippocampal gyrus, and right caudate nucleus (P < 0.05). The areas with regional brain activities of EPS weaker than PDS were located in the left inferior temporal gyrus, temporal pole, middle temporal gyrus, right middle occipital gyrus, inferior occipital gyrus, visual association cortex (Brodmann Area 18), and parts of left cerebellum (P < 0.05).
Statistical comparison of the task state data between EPS and PDS groups enabled us to identify the areas with different regional brain activities and is henceforth listed in Table 3 . The regional brain activations of EPS during the water load test were significantly stronger than PDS in left inferior temporal gyrus and fusiform gyrus (P < 0.05). The areas with weaker regional brain activations of EPS than PDS did not reach statistical significance.
Discussion
This study demonstrates all FD subtypes according to the Rome III criteria differ broadly from HS in regional brain activities. Each FD subtype patients displayed different and distinct manifestation patterns at the level of regional brain activity. Among the 3 FD subtypes, EPS showed the most apparent distinction from HS at the resting state, while the differences of regional brain activities between EPS and PDS during the water load test were less than the resting state, which may help to explain their distinctive clinical manifestations.
Several previous neuroimaging studies have generalized the concept "visceral pain neuromatrix" as the assembly of brain regions related to visceral sensation processing, including parts of the brain stem, thalamus, insula, primary/secondary somatosensory cortex, subregions of cingulate cortex, subregions of prefrontal cortex, and parts of cerebellum. 10 By exerting balloon dilation stimulation on the proximal stomach of HS (n = 15), Ladabaum et al 11 found
that the thalamus, insula, anterior cingulate cortex, caudate nucleus, periaqueductal gray matter of midbrain, cerebellum, and occipital lobe had activations under stimulation on PET scans compared to the baseline, and this was the first report about the association of the central nervous projection areas to proximal gastric stimulation. FD patients (n = 25) at the resting state were different from HS (n = 11), which indicated that FD may differ in brain functional mode independent of visceral stimulations. Based on the correlation analysis of the FD symptom scores and the signal intensity of brain regions with differences between FD (n = 40) and HS (n = 20) at the resting state, Zeng et al 6 proposed that the anterior cingulate cortex, insular cortex, thalamus, middle cingulate cortex, and cerebellum may be key areas to determine the symptom severity. 6 When we compared each FD subtype with HS respectively, we found that the brain regions with different activities changed with the stimulation status (resting or task state) and the patient FD subtype. This finding may indicate that the CNS is involved heterogeneously in the pathogenesis of each FD subtype. It is believed presently that some brain regions keep initiative organized activity during conscious, resting states without any tasks, forming the specific "default-mode network (DMN)," which mainly includes the medial part of the prefrontal cortex, posterior part of cingulate cortex, and bilateral inferior parietal lobes. 13 Our study showed that for either PDS or mixed type FD, both the number and voxel size of clusters with different resting state activity in DMN from HS were less than EPS ( Fig. 3A and 3B ), indicating the central DMN abnormality may be important for EPS pathogenesis, while not so for PDS. Meanwhile we found some exceptional areas, such as the bilateral postcentral gyri, left superior parietal lobule, where the diversity between PDS and HS was stronger than that between EPS and HS, which requires deeper recognition about DMN.
Comparison of regional brain activities during the water load test between EPS and PDS showed fewer areas with difference, except only several regions of left temporal lobe, indicating that volume stimulation alone, such as the 37°C water load, induced dyspepsia symptoms in EPS or PDS patients through central mechanisms in a similar way. The opposite findings acquired respectively from the resting state and during the water load test may explain the clinical phenomenon: both EPS and PDS have dining-associated symptoms, while only EPS patients complain of non-prandial symptoms also. However the stimulation method used as task in our study was 37°C water load, a physiological stimulation probably not enough to induce severe symptoms, whereas using low temperature water load (eg, 4°C), balloon dilation, capsaicin or other noxious stimulation mimicking daily stress factors may help to further find regional brain activity difference under stress among FD subtypes, which could be seen in another study of our team. 14, 15 According to the summary of different brain activities in the resting state of all FD subtypes and HS (Table 2) , we could see that in some areas every FD subtype was in the same pattern of manifestation. For example, in the left inferior frontal gyrus (orbitofrontal cortex), left insula, left anterior cingulate gyrus (mainly the dorsal anterior cingulate gyrus), the brain activities of all FD subtypes were less than that of HS. Also, in the superior frontal gyrus and ascending frontal gyri (mainly the primary motor cortex and the premotor cortex), paracentral gyri (primary somatosensory area and somatic sensory association area), the brain activities of all FD subtypes were higher than that of HS. In other areas, the brain activity in the resting state of each FD subtype manifested differently compared to that of HS. In the left frontal gyrus (mainly the prefrontal cortex), left superior temporal gyrus, left middle temporal gyrus, left inferior temporal gyrus, left superior occipital gyrus, bilateral left middle occipital gyrus, right inferior occipital gyrus and bilateral cuneus, the brain activity of EPS was less than that of HS, which was different from the manifestation of PDS or the mixed type; In the right inferior frontal gyrus (mainly the orbitofrontal cortex), right insula, right hippocampus, right lentiform nucleus, and bilateral thalamus, the brain activity of EPS was higher than that of HS, which was different from the manifestation of PDS or the mixed type.
Recently the knowledge about visceral sensation processing has been raised from the region level to the network level, which allows comprehensive understanding. Three networks may participate in perception and processing of visceral pain, that is homeostaticafferent (including thalamus, insula, anterior part of middle cingulate cortex, and prefrontal cortex), emotion-arousal (including amygdala, subgenual part of anterior cingulate cortex, and dorsal pons) and cortical-modulation networks (including ventrolateral part of prefrontal cortex, ventromedial part of prefrontal cortex, dorsolateral part of prefrontal cortex, and subregions of parietal lobe). 16 Different manifestations in these networks were found for each FD subtype in our study. We found lower resting activities of the left insula and prefrontal cortex in all FD subtypes than HS, stronger resting activities of the right insula and prefrontal cortex in EPS than HS, and no difference in these areas during the water load test. As components of homeostatic-afferent network, the insula is related to visceral perception and sensation distinguishing, 17 Besides the classical visceral pain neuromatrix described above, we also found FD subtypes were different from HS in some regions of the temporal lobe, occipital lobe and basal ganglia. Although the roles of these areas are not acknowledged in visceral pain processing, what we would learn could change. For instance, temporal pole (Brodmann area 38) could associate highly processed cognition information and visceral emotion reactions. 20 Basal ganglia, with the key role in motion processing, could be involved in sensation integration and behavior coordination relying on its abundant neural connections. 21 Ladabaum et al 11 found activations of bilateral caudate nuclei during proximal gastric dilation stimulation. A recent animal study conducted by Wang et al 22 demonstrated that the caudate nucleus had strong positive functional connectivity with the cingulate cortex and anterior limbic cortex. More studies are needed to recognize this sophisticated network further. Functional MRI was used as the functional brain imaging technique in this study, which has advantages both in spatial and temporal resolutions compared to PET, and can accomplish the acquaintance of structural and functional phases on the same machine. 23 The method we used to induce symptoms of FD patients was the proximal gastric water load stimulation through nasogastric tube, which is closer to physiological feeding status than barostat balloon dilation stimulation. 24 Task related fMRI studies were relatively common in the past, while the resting state has not been learned and valued until recent years. Knowledge about DMN has established the role of resting state studies. 13 ReHo is one of the main analytical methods of resting state fMRI studies. 8 It has been confirmed that DMN calculated by ReHo method is consistent with other analytical methods. 25 Our study is the first pathophysiological study about functional brain imaging of FD subtypes according to the Rome III criteria for FD. Previous studies of brain imaging in FD were either based on the Rome II criteria, or lacking subtype classification of FD.
The newest diagnosis criteria for FD, Rome IV criteria, is generally consistent with the Rome III criteria, with only a few minor differences. Hence, our study could be comparable to the future work based on the Rome IV criteria. However, the sample size was limited in this study which is to be improved in subsequent studies. We used the warm water perfusion-a type of physiological stimulationas the experimental task. In the future, varieties of non-physiological stimulations, such as cold water, capsaicin and acidic perfusion, could be used to observe the regional brain activities under stress. More pathophysiological studies based on the Rome IV typing are required to illustrate the distinct essences of FD subtypes.
In conclusion, FD patients manifest and undergo different regional brain activities of both resting state and water load test when compared to HS. The differences in the trends in the brain activity between each FD subtype are very distinct: compared to PDS patients, EPS patients present more apparent differences from the HS during the resting state, which may indicate that the abnormality of central visceral pain processing by CNS is one of the main pathogenesis mechanisms for EPS.
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